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ABSTRACT
HAYDEN ABIGAIL MALONE: Effect of Mutations in ATH1 and STM on Flower
Development in Arabidopsis thaliana
(Under the direction of Dr. Sarah Liljegren)

Understanding the molecular controls involved in plant development is important
in understanding plant physiology as a whole, and this knowledge in turn can lead to
useful applications in agriculture and industry. This project investigates the roles of two
transcription factors, SHOOT MERISTEMLESS (STM) and ARABIDOPSIS
THALIANA HOMEOBOX GENE1 (ATH1) in the molecular pathway that creates
boundaries between organs in flowers of Arabidopsis thaliana. Mutations in the STM and
ATH1 genes prevent formation of basal boundaries between the floral organs and the
stem, causing abscission defects in flowers. If the STM and ATH1 genes are also critical
for establishing the boundaries between individual floral organs, I expected to see fusion
events in mutant flowers. Since STM is involved in maintaining the stem cell populations
in shoot and flower meristems, I expected to see stm mutant flowers with fewer organs. If
the STM and ATH1 genes have redundant roles in inter-organ boundary formation and
SAM maintenance, I expected to see significantly fewer floral organs and more severe
fusion phenotypes in double mutant plants. I found that the mutant plants indeed had
fusion defects, and these were most commonly found between organs of the same type.
Fusion defects and absence of organs were most severe in double mutant plants,
suggesting that the ATH1 and STM genes are functionally redundant in these pathways.
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INTRODUCTION

The careful and precise genetic regulation of floral organ development is to thank
for the intricate and beautiful flowers that we have come to love. The number and
position of organs on flowers are carefully conserved within species. Studying the genes
involved in these developmental pathways provides insight of how plants create
consistently perfect flowers. ARABIDOPSIS THANLIANA HOMEOBOX GENE1
(ATH1) and SHOOT MERISTEMLESS (STM) are two genes that code for transcription
factors involved in flower development. The ATH1 and STM genes are both known to
play a role in forming the boundary regions between floral organs and stems of
Arabidopsis thaliana flowers (Gomez-Mena et al., 2008, Long et al., 1996). The
boundary regions themselves are composed of layers of small and dense cells separating
two distinct regions. It has previously been reported that basal boundary regions are
important in enabling plants to shed organs that are no longer necessary (Cho et al.,
2008), a process known as abscission. Previous studies performed on novel ath1 and stm
mutants found that mutations in the ATH1 and STM genes cause less-defined basal
boundaries between the floral organs and stems, and less-defined inter-organ boundaries
between adjacent stamens (Figure 1; Liljegren, unpublished results). This project
investigates whether or not these transcription factors play a significant role in the
development of inter-organ boundary regions between organs. Fusion of stamens has
been previously observed in ath1 (Gomez-Mena et al., 2008) and stm single mutants
(Liljegren, unpublished data), and fusion of sepals has been observed in stm ath1 double
1

mutants (Liljegren, unpublished data). I expected to find significantly higher frequencies
of stamen-stamen fusions in stm and ath1 single mutants compared to wildtype plants. I
also expected to find a significantly higher frequency of sepal-sepal fusions in stm ath1
double mutants compared to single mutant and wildtype plants.
Additionally, it is known that STM plays an important role in maintaining a
healthy population of stem cells in the shoot apical meristem (SAM) and floral meristem
(Jasinki et al., 2005; Yanai et al., 2005). Floral organs develop from these stem cell
populations. Flowers with fewer organs have been observed in stm ath1 double mutant
plants (Palmer and Liljegren, unpublished results). I expected to find significant
differences in organ count between stm single mutants and wildtype plants. If STM and
ATH1 have overlapping roles in maintaining the stem cell population in the floral
meristem and the SAM, the stm ath1 double mutant flowers should show significantly
fewer organs than either single mutant.

Figure 1: ATH1 and STM transcription factors influence in formation of
boundary regions. These scanning electron micrographs show regions between
the bud and the stem. A) The wildtype plant shows a clear basal boundary between
the stem and bud and clear inter-organ boundaries between sepals. B) Single
mutant plants have basal boundary regions that are less defined. C) Double mutant
plants lack the basal boundary regions all together. (Image credit: Liljegren,
unpublished results.)_
2

Arabidopsis thaliana is a popular model organism for plant geneticists because it
has a short lifespan, a small and well-studied genome, and because it is inexpensive and
easy to grow. Since genes are conserved between some plant species, understanding the
roles of genes in Arabidopsis has broad impacts in plant biology. The number and
position of organs in Arabidopsis flowers is the same in all wildtype plants. There are
four sepals, four petals, six stamens, and two fused carpels that form the pistil (Irish,
1999). Wildtype flowers have distinct boundaries between organs (Figure 2).

Figure 2: Pattern of Floral Organ Development in Arabidopsis thaliana.
In the outermost whorl there are four sepals, then four petals, then six stamens,
and finally two carpels that are fused to form the fruit. (Image credit: Kram et
al., 2009.)
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SHOOT MERISTEMLESS (STM) encodes a KNOTTED-class homeodomain
transcription factor that is expressed in the shoot apical meristem (SAM) of Arabidopsis
(Long et al., 1996). Homeodomain transcription factors bind to specific sequences in
DNA and affect rates of transcription. Multipotent stem cells at the tip of growing shoots
make up the SAM, and this stem cell population divides and differentiates to form
distinct organ types (Barton, 2010). STM plays a role in maintaining the stem cell
population in the center region of the SAM by synthesizing cytokinin to promote cell
division (Jasinski et al., 2005; Yanai et al., 2005). In the peripheral region of the SAM,
STM delays differentiation of organ primordia and represses growth to establish organ
boundaries (Aida et al., 1999). It has been shown that strong loss-of-function mutations
of STM result in the complete absence of a SAM and fusion between cotyledons in
seedlings (Scofield et al., 2014). To investigate the role STM subsequently plays during
flower development, a partial loss-of-function allele is useful. A novel stm mutant is
caused by a point mutation that changes tryptophan to a premature stop codon at amino
acid 343 (Figure 3; Liljegren, unpublished results). This mutation occurs in the
homeodomain region of the STM transcription factor but does not completely knock out
its function. Compared to other previously described alleles, the transcription factor
coded by our stm allele only loses some of its function.
Other mutant alleles of STM have been previously described; the phenotype of the
allele used in this experiment is distinct from others. Plants carrying the stm allele I
studied are fairly normal in appearance but have flowers with fused stamens that are not
shed following fertilization (Liljegren, unpublished data). Plants with the bum1-3 allele
of STM are small and bushy with aerial rosette leaves and flowers lacking carpels
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(Takano et al., 2010). Plants with the stm-5 allele rarely form a SAM and almost never
form flowers (Endrizzi et al., 1996). The milder stm-2 and stm-6 alleles produce shoots
and flowers, but these flowers have changes in organ count (Endrizzi et al., 1996). The
gor allele results in increased meristem growth, causing extra whorls to develop on
flowers (Takano et al., 2010).
ARABIDOPSIS THALIANA HOMEOBOX GENE1 (ATH1) encodes a BELL-type
homeodomain transcription factor expressed in plant meristems that is essential for
proper development of basal and inter-organ boundary regions in flowers (Gomez-Mena
et al., 2008). ATH1 forms boundary regions by restricting growth at the interface
between the stem, meristem, and floral organs. Null mutations in ATH1 restrict normal
formation of basal boundary regions, causing abscission defects and fusion events at the
base of sepals and stamens (Gomez-Mena et al., 2008). A novel ath1 allele has a splice
site error that is predicted to introduce a premature stop codon at amino acid 399
(Liljegren, unpublished data). This mutation occurs in the DNA-binding region of the
protein (Figure 3), and disrupts the function of the transcription factor. At the time of this
study, it was not clear if this allele was a null mutation or a partial-loss-of-function
mutation.
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Y399* (splice site error)
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W343*

STM
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Figure 3: Diagram of ATH1 and STM mutant proteins. The homeodomain is

indicated in light blue. This is where the transcription factors bind to specific DNA
sequences to enhance transcription of different genes involved in boundary
formation. Both genes have mutations within the homeodomain, affecting their
ability to recognize and bind DNA.

Though its function is to control transcription of DNA found in the nucleus, STM
lacks a nuclear localization signal in its amino acid sequence (Cole et al., 2006). Without
this signal, STM cannot enter the nucleus and remains in the cytoplasm. ATH1 has a
nuclear localization signal in its amino acid sequence and is found in the nucleus and in
the cytoplasm (Rutjens et al., 2009). In order to reach the nucleus, STM is known to
heterodimerize with other BELL-type homeodomain transcription factors, including
ATH1 (Rutjens et al., 2009). Loss-of-function ath1 mutants have smaller SAMs, and
when combined with a partial-loss-of-function mutation of STM, the SAMs are
prematurely terminated (Rutjens et al., 2009). This suggests that ATH1 aids STM with
SAM maintainence, likely by helping it reach the nucleus.
While fusions between adjacent floral organs have been observed in stm and ath1
single mutants and stm ath1 double mutants, this has not yet been quantified and shown
to be statistically significant. The absence of floral organs in stm ath1 double mutant
flowers has also been observed but not quantified. In this experiment, I planned to
6

quantify differences in organ count and organ fusion in single and double mutant plants
compared to wildtype. Based on previous observations, I expected to see significantly
more stamen fusions in stm and ath1 single mutants than in wildtype plants, and
significantly more sepal fusions in stm ath1 double mutants than in wildtype and single
mutant plants. These data were collected to confirm that the STM and ATH1
transcription factors play a role in the formation of inter-organ boundaries and meristem
maintenance in flowers. If phenotypic changes in double mutant plants are more severe,
this will provide more evidence that these two transcription factors have overlapping
functions in these pathways.
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METHODS

I.

Planting and Growth Conditions:
Four different seed stocks were planted for this experiment. All of the plants used

in this experiment were of the Landsberg erecta (Ler) ecotype of Arabidopsis thaliana.
Seeds were planted for wildtype plants, homozygous stm mutants, homozygous ath1
mutants, and from ath1 stm/+ mutants. Plants that have homozygous mutations in both of
the STM and ATH1 genes are infertile, which is a why seed stock collected from a plant
which is homozygous for one mutation and heterozygous for the other was used. A
simple Punnett square suggests that 25% of the seeds should have the desired ath1 stm
genotype.
A. thaliana seeds need a short cold treatment to simulate winter before they can
germinate. Before they are planted, seeds are stored at 4°C for at least 48 hours. Plants
were grown at 23°C and 69-70% humidity with 16 hours of light and 8 hours of dark.
Plants were grown in Promix BX soil and watered every Monday, Wedsnesday and
Friday with either water or Scotts Miracle-Gro® fertilizer (200 ppm).

II.

Genotyping:

DNA extraction:
Genomic DNA was collected from plants using a QIAGEN DNeasy Plant Mini
Kit. Approximately 100 milligrams of cauline and rosette leaf tissue was collected from
8

the plant. Cauline leaves are found on the aerial part of the stem, and rosette leaves are
the leaves closest to the soil. The leaf tissue was disrupted using a pulverizer, and then
lysis buffer (Buffer AP1) was added to lyse the cells. Next, RNase A was added to
degrade all of the RNA in the sample. The samples were then heated for 10 minutes at
65°C to further disrupt the cells. Next a precipitation buffer (Buffer P3) was added to
precipitate proteins and polysaccharides in the mixture. This precipitation reaction was
incubated for five minutes on ice, then the tubes were centrifuged at full speed for seven
minutes. This causes the cell debris and the precipitated polysaccharides and proteins to
form a pellet at the bottom of the tube. The DNA was left in the supernatant, which was
then moved to a QIAshredder spin column. This filtered out any remaining cell debris
and proteins. Next the filtrate containing the DNA was combined with a binding buffer
(Buffer AW1) and moved to a DNeasy spin column. This column contained beads that
have a high affinity for DNA. The DNA stuck to the beads in the DNeasy spin column
through a series of washes with AW2. Finally, the DNA was collected in a new tube by
adding a low-salt buffer (Buffer AE) and centrifuging. This step was repeated to ensure
that all of the DNA is removed from the beads. Genomic DNA preps were then stored at
-20°C.

Polymerase Chain Reaction:
Fragments of genes of interest were amplified from the genomic DNA using the
polymerase chain reaction (PCR). Each reaction tube contained 2uL 10X PCR reaction
buffer, 0.5uL 10X Taq polymerase, 0.5uL 10 mM dNTP mix, 0.7uL of both 20 mM
gene-specific primers, 13.6uL sterilized and deionized water, and 2uL of the genomic
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DNA sample. The gene-specific primers for ATH1 and STM can be found in Table 1.
The PCR conditions were optimized for each primer set and are shown in Table 2.

Table 1: Primers used for PCR amplification of DNA.
Primer Name

Sequence (5’-3’)

ATH1 Forward

GGATGTTCCAAAACTTCCTTCACCC

ATH1 Reverse

GCTTGATTTTTTCCTAGCCCTAATCTC

STM Forward

GTTCATAAACCAGAGGAAACGGCACTG

STM Reverse

GAGGAGATGTGATCCATTGGGAAAGG

Table 2: PCR conditions used for the amplification of DNA.
ATH1

STM

Step

Temperature (°C)

Time (Seconds)

Temperature (°C)

Time (Seconds)

1

94

240

94

240

2

94

30

94

30

3

55

30

54

30

4

72

30

72

30

5

Repeat steps 2-4

Repeat steps

Repeat steps 2-4

Repeat steps

30 times

2-4 30 times

30 times

2-4 30 times

4

Forever

4

Forever

6
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Ethanol Precipitation:
The ATH1 PCR products were further purified because the high salt concentration
found in the PCR buffer can disrupt the activity of the restriction enzyme used in the
digestion reaction. The samples were desalted using ethanol precipitation. Following the
polymerase chain reaction, all of the PCR product from each sample was mixed with
60uL of 100% ethanol and 2.1uL sodium acetate (3M, pH 5.2) and stored overnight at
-20°C. The next day, the tubes were centrifuged for 45 minutes at 4°C and 15,000 RPM
and the DNA consolidated into a pellet at the bottom of the tube. The supernatant was
carefully removed, and then the pellet was washed with 250uL cold 70% ethanol and
centrifuged again for 15 minutes. The supernatant was removed carefully without
disturbing the DNA pellet, and then the tubes were placed in a 37°C water bath to
evaporate the remaining ethanol. Once all of the ethanol has evaporated, the DNA pellet
was suspended in 20uL of sterilized and deionized water and is used for restriction
enzyme digest reactions.

Restriction Enzyme digest:
Restriction enzyme digests were used to distinguish mutated genes from nonmutated genes. These enzymes recognize and cleave certain 4-6 base pair long sequences
on DNA. By choosing a restriction enzyme that cuts the mutant DNA but not the
wildtype DNA or vice versa, the genotype of samples can be viewed after separating
fragments by size using gel electrophoresis. The reaction ratio for this experiment is 17uL
PCR product, 2uL 10X restriction enzyme-specific buffer, and 1uL restriction enzyme.
The STM digest reaction uses the BsrI restriction enzyme and 3.1 buffer to cleave
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wildtype PCR products into 106 bp and 29 bp fragments. This reaction is incubated at
65°C for 4 hours. The ATH1 digest reaction uses the MluCl restriction enzyme and
Cutsmart buffer to cleave the mutant PCR product into 306 bp, 158 bp, and 115 bp
fragments. This reaction is incubated at 37°C for 3 hours.

Gel Electrophoresis:
Gel electrophoresis was used to separate DNA samples by molecular weight.
Powdered agarose was melted in 1X TAE buffer and ethidium bromide was added. The
liquid was then poured in a mold to solidify. The agarose polysaccharides form a matrix
through which DNA molecules must move. DNA is negatively charged, so when an
electric current passed through the gel the DNA moved towards the positive electrode.
Smaller DNA molecules moved through the agarose matrix more quickly, so they moved
further down the gel. There is only a small difference in the size of STM PCR products,
so a denser, 3% agarose gel was used to separate the fragments. Mutant PCR products,
since they are not digested by BsrI, showed one band at 135 bp. Wildtype PCR products
should include two bands at 106 bp and 29 bp because of the restriction enzyme digest,
but only the 106 bp band was visible. Heterozygous mutants had both mutant and
wildtype bands present. There is a larger size difference between digested and undigested
ATH1 PCR products, so a less dense 1% agarose gel was used. Wildtype bands showed
up at 421 bp, and mutant bands showed up at 306 bp, 158 bp, and 115 bp. An example of
how restriction enzyme digestion is used to distinguish genotypes can be seen in the stm
gel in Figure 4. The ethidium bromide in the gel binds to the DNA and makes it visible
in ultraviolet light.
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Wildtype Control

stm Mutant Control

Wildtype

stm Mutant

stm Mutant

50 bp
ladder

Figure 4: Digested STM PCR products run on agarose gel.
DNA fragments containing the mutation were not cut by the
restriction enzyme and were 135bp long. Wildtype DNA
fragments were cut but only the 106bp band was visible.

III.

Phenotyping the plants:
All of the plants used in this experiment were planted on the same day. However,

one cannot expect all of the seeds to germinate on the same day. As the Arabidopsis
plants grew older, there were changes in the plant’s ability to produce flowers. Careful
consideration was taken to ensure that plant age was not a variable affecting the results of
this experiment. Data were collected from the primary inflorescence of each plant.
Positions were counted starting at the oldest bud on the stem, which is the closest
to the soil. That seedpod is position 1. The seedpods are counted as you move up the
plant away from the soil and towards the shoot meristem. The range of buds we collected
13

data from was between anthesis (opening of the flower) and withering (when the floral
organs start to yellow). Positions are counted as you move up the plant and away from
the soil, as shown in Figure 5. The first bud that you collect data from is the bud
immediately after the last bud that is withering. This position number is recorded. After
that, data are recorded in the order of the buds as they move up the stem until the last bud
with open sepals. Data were only collected from buds between positions 7 and 18.
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7

6
5

4
3
2
1

Figure 5: Numbered position of buds on
Arabidopsis thaliana plants. This shows how the
buds were numbered along the primary stem of the
plant. (Image credit: © 2016 DBCLS TogoTV)
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A dissecting microscope was used to count the floral organs in each bud. The
number of sepals, petals, stamens and the presence of a sepal were recorded.
Additionally, the number of fusion events between floral organs was recorded. Sepalsepal, sepal-petal, petal-petal, petal-stamen, and stamen-stamen fusion events were
counted. For a plant with four sepals that were all fused, 4 sepal-sepal fusions were
recorded, and for a plant with two pairs of fused stamens, two stamen-stamen fusions
were recorded. All of these fusion events were recorded equally, even though some were
more severe than others.

IV.

Data Analysis

Microsoft Excel was used to perform all of the data analysis and to create bar graphs.
Average fusion frequencies for each flower were calculated by dividing the number of
fusion events of a certain organ type by the total number of that type of organ on the
flower. For example, if a plant had four stamens and three were fused, the percent of
stamen-stamen fusion would be 75%. To find the average percent of fusion for each
sample group, the percent of fusion for individual flowers in each sample group was
averaged. Both the standard deviation and standard error are reported. Statistical
significance was determined using the 95% confidence interval, and error bars on bar
graphs show standard error.
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RESULTS

This experiment aimed to investigate the relative effect of novel partial loss of
function mutations in STM and ATH1 during lateral boundary formation and floral organ
development. It has been previously reported that single mutant alleles of the ATH1 gene
can cause fusion of adjacent stamens (Gomez-Mena et al., 2008), and that similar defects
are present in stm mutant flowers (Liljegren, unpublished results), but the extent of these
fusion events has not been investigated. Further fusion defects were observed between
the sepals of stm ath1 flowers (Liljegren, unpublished results). Based on these initial
results, I hypothesized that the stm and ath1 single mutants would show significantly
more stamen-stamen fusion events compared to wildtype and that the stm ath1 double
mutants would show significantly more sepal-sepal fusion events than single mutant and
wildtype flowers. To test these hypotheses, I counted the number of fusion events that
occurred within mutant plants and the total number of organs produced by each flower
compared to wildtype flowers.
After confirming the genotype of stm, ath1 and stm ath1 plants using PCR and
restriction enzyme digests, phenotype data were collected from the primary inflorescence
of each plant. Data were collected from buds in the floral development stages 13 (sepals
open) through 15 (pollinated fruit begins to develop) based on the specifications put forth
in Smyth et al., 1990. Since withering and detachment of the outer organs begins to occur
during stage 16, it does not affect organ count. To control for plant age, data were
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collected from buds that were between the 7th and 18th to develop on the primary stem
(see Figure 5).
The data collected from each bud were treated as an independent sample, even
though data were collected from multiple buds on the same plant. Since the plants of each
category were shown to have the same genotype, the same phenotype was expected
within mutant backgrounds. The number of flowers and plants I sampled are summarized
in Table 3.

Table 3: Sample collection from wildtype, stm, ath1 and stm ath1 plants.

WT
stm
ath1
stm ath1

Plants Sampled

Flowers Sampled

10
9
10
8

41
41
42
52

Flowers per Plant
(Average)
4.1
4.6
4.2
6.5

The number of floral organs present on each bud was recorded and can be seen in
Table 4. Wildtype plants usually produce 4 sepals, 4 petals, and 6 stamens on each
flower (Irish, 1999). This same pattern was observed in the wildtype plants I collected
data from. The average number of floral organs per bud for samples from each mutant
background was calculated, then standard errors were calculated to create the error bars
on the bar graphs. There were not significant differences in the number of sepals between
wildtype, stm, ath1, and stm ath1 plants (Figure 6). Of the 176 buds sampled, only one
ath1 flower did not have 4 sepals. However, I found that stm single mutant plants
produced significantly fewer petals and stamens than wildtype plants (Figures 7 and 8).
17

Furthermore, the stm ath1 double mutant plants produced significantly fewer petals and
stamens compared to the stm single mutants (Figures 7 and 8). These results indicate
that while mutations in ATH1 alone do not affect the number of organs produced, they are
able to enhance mutations in STM in reducing the number of petals and stamens present
in stm ath1 double mutant flowers.
Since there are significant differences in the number of floral organs between
different samples, the number of fusion events that occur in different buds cannot be
directly compared. Instead, the percent of fused organs to total organs on each individual
bud is reported. Each organ fusion was counted as a single fusion event, even though
some were more profound than others. For example, I recorded two stamen-stamen
fusions both when I observed two stamens fused at the base and when I observed two
stamens fused all the way up to the anthers. Measuring the extent of every fusion event
was outside the scope of this project, but could be studied in the future. The frequencies
of sepal-sepal, sepal-petal, petal-petal, petal-stamen, and stamen-stamen fusions were
recorded (Table 5). Examples of some of these events can be seen in Figure 9.
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Table 4: Average organ count in WT, stm, ath1 and stm ath1 sample groups.

Average Sepal
Count
Sepal Count
Standard
Deviation
Sepal Count
Standard Error
Average Petal
Count
Petal Count
Standard
Deviation
Petal Count
Standard Error
Average
Stamen Count
Stamen Count
Standard
Deviation
Stamen Count
Standard Error
Average Total
Organ Count
Total Organ
Count Standard
Deviation
Total Organ
Count Standard
Error

WT
4.000

stm
4.000

ath1
4.026

stm ath1
4.000

0.000

0.000

0.160

0.000

0.000

0.000

0.0260

0.000

4.000

3.262

4.000

2.250

0.000

0.885

0.000

1.281

0.000

0.138

0.000

0.179

5.927

4.666

5.846

2.904

0.264

0.687

0.366

1.550

0.041

0.107

0.059

0.217

13.93

11.93

13.87

9.154

0.264

1.276

0.409

1.851

0.041

0.199

0.066

0.259

19

Table 5: Frequencies of the different types of organ fusion in WT, stm, ath1 and stm
ath1 sample groups.
WT

stm

ath1

stm ath1

Average Frequency (%)

0.000

0.000

0.000

100.0

Standard Deviation

0.000

0.000

0.000

0.000

Standard Error

0.000

0.000

0.000

0.000

Average Frequency (%)

0.000

0.000

0.000

0.961

Standard Deviation

0.000

0.000

0.000

0.069

Standard Error

0.000

0.000

0.000

0.010

Average Frequency (%)

0.000

0.000

0.000

0.000

Standard Deviation

0.000

0.000

0.000

0.000

Standard Error

0.000

0.000

0.000

0.000

Average Frequency (%)

0.000

0.000

0.641

5.035

Standard Deviation

0.000

0.000

4.003

13.94

Standard Error

0.000

0.000

0.649

1.952

Average Frequency (%)

0.000

13.45

7.949

68.72

Standard Deviation

0.000

12.40

9.540

33.04

Standard Error

0.000

1.937

1.548

4.627

Sepal-Sepal Fusion

Sepal-Petal Fusion

Petal-Petal Fusion

Petal-Stamen Fusion

Stamen-Stamen Fusion
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First I calculated the average frequency of total fusion for the WT, stm, ath1, and
stm ath1 sample groups. This was done by calculating and averaging the frequencies of
overall fusion for each bud for each sample group. The frequency of overall fusion is
calculated by dividing the total number of fusion events by the total number of floral
organs on the bud. For example, in one stm ath1 flower sampled there were 4 sepal-sepal
fusions and 2 stamen-stamen fusions among the 10 organs present, so the overall fusion
frequency for this bud is 60%. Standard error values were calculated from these averages
to produce the error bars shown on each graph. The frequency of overall fusion was
highest in the stm ath1 plants, as 68.8% of organs present were fused. The average
percent of fused organs for stm single mutants (5.5%) was slightly higher than that of
ath1 single mutants (3.5%), and no organ fusion was observed in wildtype flowers
(Figure 10).
I found that fusion events were much more likely to occur between organs present
in the same whorl than between organs in neighboring whorls. Only one of the stm ath1
flowers of the 174 flowers sampled in the experiment showed petal-sepal fusion events.
Petal-stamen fusion events were observed in ath1 and stm ath1 plants and while they
were more common that petal-sepal fusions, they were still rare (Figure 11).
Fusion between the same type of floral organs within whorls was much more
common. Sepal-sepal and stamen-stamen fusion events were very common, but curiously
there were no petal-petal fusions in the whole experiment. Double mutant plants showed
the highest frequency of these two types of fusion. All of the sepals were fused in each of
the 52 stm ath1 flowers. Sepal fusion was not observed in any of the single mutant or
wildtype plants (Figure 12). The average frequencies of stamen-stamen fusion in stm and
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ath1 single mutant flowers were significantly higher than that of wildtype plants (Figure
13). The average frequency of stamen-stamen fusion in stm ath1 double mutants was
significantly higher than the single mutant and wildtype flowers (Figure 13), suggesting
that the two transcription factors are functionally redundant in forming this boundary.
The presence of a central pistil was recorded for wildtype and double mutant
plants only. In Arabidopsis flowers, the pistil is composed of two fused carpels that
produce the fruit that later releases seeds (Figure 2). Each of the wildtype flowers had
pistils that appeared to be developing normally (Figure 14 A, B), whereas the majority
(75.5%) of the double mutant flowers completely lacked a pistil (Figure 14 A, D). The
abnormal fruit that did develop from stm ath1 flowers appeared to be smaller and have
major defects such as the possible loss of one of the two carpels (Figure 14 A, C).
Another interesting observation is that the stm/+ ath1 seeds did not segregate as I
expected them to. Based on Mendellian genetics for two unlinked genes, 25% of the
offspring should be stm ath1, 50% should be stm/+ ath1, and 25% should be stm +/+
ath1. This was not the case. Plants were genotyped for stm first since that is the
heterozygous allele in the parent. Only 14.5% of the double mutants were homozygous
mutants for stm. This is much lower than the expected frequency of 25%.
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Figure 6: Average sepal-count of wildtype, stm, ath1, and stm ath1 plants. This bar
graph shows the average number of sepals on flowers of each sample group. The error
bars indicate the 95% confidence interval. There are no significant changes between the
sample groups.

23

Average # of Petals
Average Number of Petals
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ath1

stm ath1

Genotype

Figure 7: Average petal-count of wildtype, stm, ath1, and stm ath1 plants. This bar
graph shows the average number of petals on flowers of each sample group. The error
bars indicate the 95% confidence interval. *indicates significantly fewer petals than
wildtype plants. **indicates significantly fewer petals that wildtype and single mutant
plants.
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Figure 8: Average stamen-count of wildtype, stm, ath1, and stm ath1 plants. This bar
graph shows the average number of stamens on flowers of each sample group. The error
bars indicate the 95% confidence interval. *indicates significantly fewer stamens than
wildtype plants. **indicates significantly fewer stamens that wildtype and single mutant
plants.
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B

A

Figure 9: Fusion events in stm ath1 plants. Defective boundary regions lead
to the fusion of floral organs. A) Example of stamen-stamen fusion. The sepals
and petals in front of these stamens were removed. B) Example of sepal-sepal
fusions.
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Figure 10: Average frequency of overall fusion for wildtype, stm, ath1, and stm ath1
plants. This bar graph shows the average overall frequency of fusion of floral organs in
each sample group. Error bars indicate the 95% confidence interval. *indicates
significantly higher overall frequency of organ fusion than wildtype plants. **indicates
significantly higher overall frequency of organ fusion than wildtype and single mutant
plants.

27

Average Frequency of Fusion (%)

Frequency of Petal-Stamen Fusion
10
9
8
7
6

**

5
4
3
2
1
0
Wildype

stm

ath1

stm ath1

Genotype

Figure 11: Average frequency of petal-stamen fusion for wildtype, stm, ath1, and stm
ath1 plants. This bar graph shows the average frequency of petal-stamen fusion events in
each sample group. Error bars indicate 95% the confidence interval. **indicates
significantly higher frequency of petal-stamen fusion than wildtype and single mutant
plants.
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**

Figure 12: Average frequency of sepal-sepal fusion for wildtype, stm, ath1, and stm
ath1 plants. This bar graph shows the average frequency of sepal-sepal fusion events in
each sample group. Error bars indicate standard deviation. **indicates significantly
higher frequency of sepal-sepal fusion than wildtype and single mutant plants.
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Figure 13: Average frequency of stamen-stamen fusion for wildtype, stm, ath1, and
stm ath1 plants. This bar graph shows the average frequency of stamen-stamen fusion
events in each sample group. Error bars indicate the 95% confidence interval. *indicates
significantly higher frequency of stamen-stamen fusion than wildtype plants. **indicates
significantly higher frequency of stamen-stamen fusion than wildtype and single mutant
plants.
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Figure 14: Phenotypic changes in the fruit of stm ath1 plants. A) Pie charts showing
the frequency of normal fruits, deformed fruits, and absent fruits in wildtype and double
mutant plants. B) Fruit developing normally in wildtype flower. C) Abnormal fruit in a
stm ath1 double mutant flower. D) Absence of a fruit in a stm ath1 double mutant flower.
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DISCUSSION

I hypothesized that the STM and ATH1 transcription factors have significant roles
in inter-organ boundary formation and floral organ development. Additionally, if STM
and ATH1 play redundant roles in establishing the boundaries between floral organs and
maintaining stem cell population in SAM, there should be significant differences in organ
count and fusion in stm ath1 double mutant plants compared to each single mutant. The
data collected from this experiment are consistent with the hypothesis. Additionally, I
found that STM and ATH1 are more important in forming organ boundaries between
adjacent organs within the same whorl compared to the boundaries that are formed
between organs in neighboring whorls. Pinpointing which boundaries these transcription
factors control is likely to help narrow down the list of target genes they regulate.
Other Arabidopsis mutants have been reported to alter the formation of interorgan boundaries (reviewed in Yu et al., 2016). Combined mutations in the CUPSHAPED COTYLEDON1/2/3 (CUC1/2/3) genes can cause fusion between adjacent floral
organs. STM is known to be activated by the CUC1/2 NAC family transcription factors
(Aida et al., 1999). RABBIT EARS (RBE) encodes a zinc finger transcription factor that
plays a role in organ development and boundary formation; rbe mutants have fused
sepals and fewer petals (Krizek et al., 2006). Mutations in the HAWAIIAN SKIRT (HWS)
gene result in fused sepals and floral organ retention (Gonzalez-Carranza et al., 2007).
Since flowers with mutations in RBE and HWS have similar phenotypes as flowers with
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mutations in STM and ATH1, future studies to investigate how the pathways these genes
regulate intersect will be important.
Boundary region defects are easily recognized by finding fusion events between
floral organs. I found that the stm and ath1 single mutant flowers each had a relatively
small but significantly higher frequency of organ fusion events per floral organ than
wildtype flowers (Figure 10) due to fusions between adjacent stamens (Figure 13). The
substantial frequency of organ fusion per floral organ in the stm ath1 double mutant
flowers (Figure 10) was due to both an increased frequency of stamen-stamen fusions
(Figure 13) and the appearance of profound sepal-sepal fusions (Figure 12). These
results provide strong support for these transcription factors carrying out overlapping
roles in the regulation of boundary-forming pathways. If the function of one is reduced,
the other can make up for it; if the functions of both are affected there are serious
problems forming boundaries between adjacent floral organs.
Fusion events between the same types of floral organs (Figures 12 and 13) were
observed much more frequently than between different floral organs (Figure 11). Since
the boundary regions between different whorls are less affected than boundary regions
within whorls in stm ath1 plants, it is unlikely that these transcription factors are involved
in establishing this type of boundary unless further redundancy with additional
transcription factors is involved. Instead, the actions of STM and ATH appear to be
confined to establishing boundaries between the organs in the whorl of sepals and in the
whorl of stamens. These observations help pinpoint where these transcription factors are
working in developing flowers.
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It is interesting that no fusion events between adjacent petals were observed in
this experiment (Table 5), while fusion events between adjacent sepals and stamens were
extremely common (Figure 12 and 13). However, there is more space between petals
than there is between sepals and stamens in wildtype flowers (Figure 2), which might
explain why no petal fusions were observed.
Previous studies have shown that STM lacks a nuclear localization signal and that
it must heterodimerize with specific BELL-type homeodomain transcription factors to
enter the nuclei of plant cells (Rutjens et al., 2009). If ATH1 is the only protein that can
bring STM into the nucleus in the groups of cells that form the boundaries between floral
organs, we would expect ath1 and stm ath1 plants to have similar mutant phenotypes. My
results suggest there are other BELL-type transcription factors that STM heterodimerizes
with to reach the nucleus in the floral organ boundary cells of ath1 mutant flowers
(Figures 10-13). It has been reported that the PENNYWISE (PNY) and POUNDFOOLISH (PNF) transcription factors also interact with STM and bring it into the
nucleus (Rutjens et al., 2009).
My results have raised several additional questions about the roles of STM and
ATH1 in flower development. Proper floral organ development depends on a
fully functioning floral meristem. stm single mutant flowers showed an average of 2
fewer floral organs compared to the wildtype flowers (Table 4), which could be
predicted since STM is known to be involved in maintaining a healthy stem cell
population in both the SAM and floral meristem (Jasinski et al., 2005; Yanai et al., 2005).
While ath1 single mutants had organ counts similar to those of wildtype, plants with
combined partial loss-of-function mutations in both ATH1 and STM had flowers with an
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average of 5 fewer floral organs (Table 4 and Figure 7-8). These results suggest that the
ATH1 and STM transcription factors also have overlapping roles in maintaining the pool
of undifferentiated stem cells required to generate each of the 14 outer organs plus the
central pistil that are normally produced in an Arabidopsis flower.
The pattern of which organs are missing in stm ath1 flowers is intriguing. I found
that the number of sepals was not significantly affected by combined mutations
in STM and ATH1 (Figure 6). However, the numbers of petals and stamens were reduced
by about 50% (2 of 4 petals missing and 3 of 6 stamens absent) in stm ath1 mutants
(Figures 7 and 8). The most striking observation was the absence of the central pistil in
the majority (75%) of the stm ath1 mutant flowers I analyzed (Figure 14 A). It is
interesting that the absence of floral organs seems to increase as you move towards the
middle of the flower.
I found that it was very rare for stm ath1 double mutant flowers to produce a
normal fruit (Figure 14 A). Most flowers lacked a fruit altogether (Figure 14 D), and any
fruits produced were abnormally shaped (Figure 14 C). This explains previous
observations in our lab that stm ath1 plants are infertile. A possible explanation related to
the known function of STM is that the stem cell populations of the flower meristems of
these plants are not sufficient to produce the central pistil. Our lab plans to investigate
this phenomenon further in the future.
Like any experiment, there are improvements that could be made to this one. The
methods used to determine the number of fusion events might be over generalized. Since
the extent of each fusion event was not taken into consideration, the data collected may
not accurately depict how severely fusion was impacted by mutations in STM and ATH1.
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For example, if a flower had two of six stamens fused together, one fusion event and a
fusion frequency of 16.6% for the stamens in this flower would be recorded. This value
would not differ between a flower with a pair of stamens with partially fused filaments
and a flower with a pair of stamens fused along the entire length of the filaments and
anthers. Analyzing the severity of fusion phenotypes could be improved by noting the
extent of each fusion event.
Our lab has already planned some future experiments based on the findings of my
project. Another honors student, Katelyn Childers, is performing an assay analyzing the
effects of mutation in STM and ATH1 on fruit development. The goal of this experiment
is to investigate my observation that stm ath1 plants either lack fruit or have abnormal
fruit. Another honors student, Luke Leary, is analyzing the fusion defects of stm ath1
flowers using a different mutant allele of ATH1 that has a T-DNA insertion. The
hypothesis driving this experiment is that this mutant allele may be stronger than the ath1
allele I used, and if so, he may find a greater impact on the fusion defects of the mutants.
Over the long term, we are interested in using ChIP-seq to find where the ATH1 and
STM transcription factors bind in the genome. This would provide immense insight into
their immediate targets in forming floral organ boundary regions.
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